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Uranium contaminations of the subsurface in the vicinity of nuclear materials   
processing sites pose a health risk as the uranyl ion in its oxidized state, U(VI), is highly   
mobile in aquifers.  Current remediation strategies such as pump and treat or excavation   
are invasive and expensive to implement on a large scale.  In situ bioremediation 
represents an alternative strategy that uses the ability of local microbial communities to   
immobilize contaminants and is actively studied for uranium remediation.  The 
immobilization of U(VI) in groundwater is achieved either by  bioreduction to solid 
uraninite (U(IV)), adsorption to the soil matrix, or non-reductive precipitation of uranium 
phosphate  minerals through the activity of bacterial phosphatases.  Bioreduction has 
been widely studied for remediation of the saturated zone, as anaerobic conditions 
typically prevail in these environments.  This process is only efficient at circumneutral 
pH, however, and the end product uraninite is unstable under aerobic conditions or in the 
presence of manganese oxides, nitrite, or even freshly formed iron oxides.  Although non-
reductive biomineralization of uranium catalyzed by bacterial phosphatase activity 
successfully removes uranium from the vadose zone, further studies are needed to assesss 
the ability of microbial communities to hydrolyze organophosphate compounds in the 
saturated zone where oxygen is often depleted and uranium bioreduction may be 
significant.  To investigate this process under anaerobic conditions, low pH soil samples 
from a uranium contaminated site at the Oak Ridge Field Research Center were incubated 
anaerobically in flow through reactors in the presence of exogenic organophosphate 
compounds to stimulate the natural microbial communities in the original soil matrix.  
 ix 
Aqueous uranium was injected continuously in the reactors to determine the fraction of 
uranium removed during these incubations.  The reactors amended with organophosphate 
produced inorganic phosphate in the effluent, suggesting that bacterial phosphatase 
activity can be stimulated even in anaerobic environments at low pH.  Removal of U(VI) 
in a control amended with organophosphate over a short time period was similar 
compared to reactors amended with organophosphate for long times suggesting that 
adsorption may also play a role in U(VI) immobilization.  A sequential extraction 
technique was optimized to differentiate the fraction of uranium loosely adsorbed and the 
fraction of uranium precipitated as phosphate minerals and batch adsorption experiments 
were performed to obtain thermodynamic parameters that could be used to predict the 
fraction of U(VI) adsorbed onto the soil matrix.  Results indicated that 100% uranium 
adsorption was favorable from pH 5 to 10 (without the presence of phosphate).  
Extraction of sediments, however, indicated that most of the solid phase uranium was 
incorporated as uranium phosphate mineral in both long and short-term amended 
reactors.  Overall, these results demonstrate that the biomineralization of uranium 
phosphate minerals is a viable bioremediation strategy in both the vadose and saturated 
zones of aquifers at both low and high pH, provided an organophosphate source is 










Since World War Two, the research and development of nuclear materials and 
weapons has lead to the contamination of soils and groundwater at many sites across the 
United States.  The National Defense Authorization Act of 1995 directed the Department 
of Energy to assesss and describe waste generated during each step of nuclear materials 
production and the extent of radioactive materials that currently exist, including 
contaminated environmental media (DOE 1997).  The results showed that total weapons 
production had contributed to 1800 million cubic meters of contaminated groundwater 
and 79 million cubic meters of soil (DOE 1997). Three of these sites (Oak Ridge, TN, 
Hanford, WA, and Rifle, CO) were designated as DOE Integrated Field Research Sites 
with the objective of conducting research to remediate uranium and other contaminants 
associated with munitions processing.   
 The Oak Ridge Y-12 plant was built in 1943 under the Manhattan Project, and 
produced highly enriched uranium that is used for nuclear materials processing and for 
the production of nuclear weapons. The waste from the chemical separation process used 
to enrich uranium was disposed of in the S-3 ponds in Area 3 of ORFRC.  From 1950 to 
1983, 3.2 x 10
8
 liters of waste containing nitric acid and uranium was disposed of in the 
ponds.  As the S-3 ponds contained no physical or chemical barrier from the surrounding 
subsurface, the wastewater was able to infiltrate the surrounding groundwater, leading to 
a contamination plume that extends 4 km down gradient from the ponds (DOE 1997).  In 
1988, the ponds were denitrified and capped with asphalt in an attempt to limit further 
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contamination (Brooks 2001).  Other contaminants associated with the waste from the S-
3 ponds include technetium-99, nitrate, thorium, and volatile organic compounds.  
Groundwater levels of uranium can be as high as 250 M, and nitrate levels as high as 60 
mM (Jardine et al. 2006).  The Environmental Protection Agency defines the maximum 
contaminant level (MCL) for tap water levels of uranium to be 126 nM.  
The large-scale contamination at ORFRC presents a challenge for current 
remediation strategies.  Ex situ techniques such as pump and treat and excavation and 
treatment physically remove the contaminated soil or groundwater from a site for 
treatment and storage or return the treated media back to the original site.  These 
procedures are invasive and therefore difficult to implement on a large scale.  
Additionally, the removed contaminants must be stored,  increasing the risk of exposure 
(Gavrilescu et al. 2009).  Alternatively, contaminants can be treated or immobilized with 
in situ methods such as permeable reactive barriers, natural attenuation, or 
bioremediation (Gavrilescu et al. 2009).  These methods involve treating or immobilizing 
a contaminant within a site, and are generally less invasive and more economical for 
large-scale remediation sites such as the ORFRC. 
Permeable reactive barriers consist of a wall of reactive material extending below 
the water table that is placed down gradient from a contamination plume  (US EPA). The 
barrier intercepts the plume and removes contaminants from the groundwater chemically 
by adsorption, reduction, or ion exchange or biologically through microbial activity 
(Gavrilescu et al. 2009).  Over time, the used reactive material within the barrier must be 
maintained and/or replaced, and properly disposed of or stored.  PRBs are most efficient 
and cost effective for narrow contamination plumes and near surface contamination 
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(Gavrilescu et al. 2009), and the magnitude of contamination at the ORFRC could present 
a physical and economic challenge to the installation and maintenance of PRBs.             
Natural attenuation is a more economical alternative approach for large 
contamination sites.  This technique allows the natural processes at a specific site to 
contain and reduce the concentration of pollutants without human intervention (US EPA). 
Environmental factors such as pH, redox conditions, and the presence of other chemical 
species must be taken into consideration, as uranium speciation is strongly dependent on 
the chemistry of the site.  Under specific conditions uranium immobilization occurs 
naturally over time by adsorption or by incorporation into minerals (Langmuir, 1997; 
Gavrilescu et al. 2009).  
In aerobic environments, uranium exists in the soluble U(VI) oxidation state as 
the uranyl ion, while anaerobic conditions promote the stability of insoluble U(IV) 
species (Langmuir 1997).  Interactions with other aqueous species and pH determine the 





, or U(VI) phosphate complexes if phosphate is present (Sandino 
et al. 1992), and its mobility can be limited by adsorption onto soils enriched in iron or 
manganese oxides (Langmuir 1997).  From pH 4 to 6, uranyl ions can adsorb directly to 
the soil (Barnett et al. 2002), or compete with phosphate for adsorption sites.  The 
presence of phosphate can even lower the pH of the adsorption edge from 4 to 2 by 
formation of ternary U(VI) phosphate surface complexes on iron oxides (Cheng et al. 
2004).  Similarly, negatively charged NOM can increase adsorption of U(VI) at low pH 
(Lenhart et al. 1999).  At pH values above 7, the presence of carbonate stabilizes U(VI) 




 (Langmuir 1997).  These 
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complexes and ternary uranyl-calcium-carbonato complexes (Ca2UO2(CO3)3 and 
CaUO2(CO3)3
2−
) even promote the desorption of U(VI) (Stewart et al. 2010) and the 
dissolution of uranium bearing minerals (Zhou et al. 2005) (Figure 1). 
 
 
Figure 1. Speciation of 200 µM UO2
2+
, 200 µM PO4
3-
, and 200 µM Ca
2+
 as a function of 
pH at PCO2 = 10
-3.5
 and as predicted using the equilibrium modeling program MINEQL 
(Schecher and McAvoy, 2001).  Adapted from (Beazley, 2009). 
 
 
Uranium minerals exist in both aerobic (as U(VI)) and anaerobic (as U(IV)) 
conditions.  Autunite/meta-autunite minerals [X
2+
(UO2)2(PO4)2] can be stable over long 
periods of time at acidic to neutral pH range (Fuller et al. 2003) (Figure 1).  One study 
postulates that Ba-meta-autunite samples at a site in Australia have been stable for 50,000 
years, assuming a constant weathering rate (Jerden et al. 2003). Simulated weathering 
experiments conducted on U(VI) incorporated into hydroxyapatite [Ca5(PO4)3(OH)] also 
showed resistance to dissolution (Shelobolina et al. 2009).  The U(IV) mineral uraninite 
(UO2) is sparingly soluble at circumneutral pH under anoxic conditions, though 
monomeric U(IV) compounds have recently been identified as a product of chemical or 
biological reduction (Fletcher et al. 2010; Boyanov et al. 2011).  Aqueous U(VI) can be 
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chemically reduced to uraninite by Fe(II) adsorbed to iron oxides (Liger et al. 1999; 
Boland et al. 2011) or adsorbed sulfides (Wersin et al. 1994).  Depending on site 
conditions, uranium minerals could form naturally at different rates, rendering natural 
attenuation inefficient for larger areas of contamination.  
 Bioremediation represents an alternative in situ strategy that promotes the 
formation of solid phase uranium by stimulating local microbial communities.  In situ 
bioremediation may immobilize contaminants through either bioreduction of aqueous 
U(VI) to solid uraninite (U(IV)) or non-reductive precipitation of uranium phosphate 
minerals (Lovley et al. 1991; Macaskie et al. 1994; Beazley et al. 2007). Bioreduction has 
been widely studied for remediation of the saturated zone, as anaerobic conditions 
typically prevail in these environments.  A variety of metal resistant bacteria have been 
isolated that are able to enzymatically reduce U(VI) to U(IV), including some species that 
even have the ability to grow on U(VI) in the absence of a more favorable terminal 
electron acceptor (Tebo et al. 1998; Wade et al. 2000).  Notably, dissimilatory metal and 
sulfate reducing bacteria such as Shewanella putrefaciens, Geobacter sulfurreducens, 
Desulfovibrio desulfuricans, and more recently Anaeromyxobacter dehalogenans have 
demonstrated the ability to reduce U(VI) to U(VI) either enzymatically or by indirect 
abiotic reduction from ferrous iron (Lovley et al. 1992; Fredrickson et al. 2000; Behrends 
et al. 2005; Sanford et al. 2007).  Bioreduction is only efficient at circumneutral pH, 
however, and the end product uraninite is unstable under aerobic conditions or in the 
presence of manganese and iron oxides, nitrate, or, nitrite (Senko et al. 2002; Wan et al. 
2005).  The high levels of nitrate and low pH at the ORFRC site have made this 
remediation strategy difficult to implement in the past.  The treatment zone first had to be 
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conditioned to remove nitrate and to raise the pH (Wu et al. 2006), and further studies 
indicated that nitrate additions oxidized and remobilized reduced uranium (Wu et al. 
2010). 
The non-reductive precipitation of uranium phosphate minerals through the 
activity of bacterial phosphatases is currently studied as an alternative method to 
bioreduction.  A variety of bacteria isolated from uranium contaminated sediments 
contain nonspecific acid phophohydrolases or phosphatases (NSAPs) (Macaskie et al. 
1994; Martinez et al. 2008; Shelobolina et al. 2009).  NSAPs function most efficiently at 
acidic pH and have the ability to hydrolyze organic phosphate compounds, which in turn 
release orthophosphate that is available for cell function and the precipitation of uranium 
phosphate minerals (Rossolini et al. 1998). Glycerol 3-phosphate (G3P), Glycerol 2-
phosphate (G2P), and tributyl phosphate have all been studied as organic phosphorus 
sources for the non-reductive precipitation of uranium phosphate minerals (Macaskie et 
al. 1994; Thomas et al. 1996; Beazley et al. 2007; Martinez et al. 2008; Beazley et al. 
2011).   
 Numerous studies have shown that non-reductive biomineralization of uranium 
phosphate minerals occurs under aerobic conditions.  Pure culture studies with 
Citrobacter, Pseudomonas aeruginosa, Rahnella, and Aeromonas hydrophila isolated 
from contaminated environments all displayed the ability to produce uranium phosphate 
minerals under aerobic conditions when provided with an organophosphate source 
(Macaskie et al. 1994; Thomas et al. 1996; Barnett et al. 2002; Renninger et al. 2004; 
Beazley et al. 2007).  Other microbes such as the yeast Saccharomyces cerevisiae and the 
fungis S. himantioides and B. caledorica are also able to precipitate uranium phosphate 
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minerals (Ohnuki et al, 2005).  The uranium phosphate precipitate has been identified as 
a polycrystalline HUO2PO4 that is indistinguishable from uranyl phosphate precipitates 
formed by chemical methods (Macaskie et al. 1994).  In the cases of the bacteria 
Rahnella and the fungis S. himantioides and B. caledorica, the precipitates identified by 
XAS included autunite or meta-autunite group minerals (Beazley et al. 2007; Fomina et 
al. 2007) while the precipitates formed by Aeromonas hydrophila in the presence of 
calcium at circumneutral pH were determined to consist of hydroxyapatite minerals 
(Shelobolina et al. 2009).  In addition to pure culture studies, incubations using soils from 
the ORFRC have demonstrated the ability to precipitate uranium phosphate minerals in 
aerobic conditions when provided with an organophosphate source (Shelobolina et al. 
2009; Beazley et al. 2011). 
Nitrate-reducing bacteria have been widely studied in an effort to make uranium 
reduction more favorable by removing high nitrate levels associated with uranium 
contamination at the ORFRC (Akob et al. 2007; Spain et al. 2011).  Denitrification, is the 
conversion of nitrate (NO3
-




nitric oxide (NO) and nitrous oxide (N2O) (Vitousek et al. 1991).  Denitrification is the 
most thermodynamically favorable respiration process after aerobic respiration (Morel et 
al. 1993) thus making it a strong competitor against uranium reduction, especially with 
the high levels of nitrate present at the ORFRC.  Denitrification can be performed by 
individual prokayrotes or by a consortium of microbes within the soil matrix as each 
intermediate step requires a different enzyme (Lam et al. 2011).  Dissimilatory nitrate 
reduction to ammonium (DNRA) is an alternative respiration pathway for nitrate that 
forms nitrite as intermediate.  In addition to complete denitrification and DNRA, nitrate 
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reduction to nitrite can occur as a sole respiration process (Zumft 1997; Gonzalez et al. 
2006).  Nitrate respiration could be involved in the biomineralization of uranium under 
anaerobic, high nitrate conditions.  Indeed, nitrate-reducing microorganisms have been 
identified in ORFRC soils.  Pure culture incubations with the facultative anaerobe 
Rahnella sp isolated from ORFRC soils precipitated U(VI) phosphate minerals when fed 
G3P and simultaneously reduced nitrate to nitrite without production of ammonium nor 
dinitrogen gas (Beazley et al. 2009).  Separate sediment incubations in anaerobic 
conditions revealed that Rahnella forms uranium phosphate or organophosphate 
precipitates even without the addition of an organophosphate source possibly by using 
internal organophosphate sources (Geissler et al. 2009).  Uranyl phosphate precipitates 
were also produced simultaneously with nitrate reduction in ORFRC sediments under 
low pH and high nitrate conditions upon ethanol addition as electron donors, and the 
dominant microbe Burkhoderia fungorum was isolated from these incubations 
(Michalsen et al. 2009).    
 As biomineralization of uranium phosphate minerals may occur under both 
aerobic and anaerobic conditions, the possibility exists for multiple modes of uranium 
immobilization under reducing conditions.  Increasing numbers of studies are finding 
reduced U(IV) phosphate species as a product of bioreduction (Khijniak et al. 2005; 
Bernier-Latmani et al. 2010; Fletcher et al. 2010; Boyanov et al. 2011).  In separate 
anaerobic pure culture studies, the bacterium Thermoterrabacterum ferrireducens 
(Khijniak et al. 2005) and Desulfotomaculum reducens (Bernier-Latmani et al. 2010) 
produced a reduced uranium phosphate species that was determined to be ningyoite 
[U2O(PO4)2].   Another uranium reduction study showed that the presence of phosphate 
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enhances uranium removal from solution by the formation of U(IV) phosphate 
precipitates (Boyanov et al. 2011).  Phosphate does not need to be initially present in 
solution, however, for uranium biomineralization to occur.  A study using strain UFO1 
isolated from ORFRC sediments apparently utilizes internal reserves of phosphate to 
simultaneously precipitate both U(VI) phosphate minerals and a monomeric U(IV) 
species that is not uraninite (Boyanov et al. 2011).  Finally, a strain of Cellulomonas also 
showed the ability to produce U(VI) phosphate minerals under reducing conditions 
(Sivaswamy et al. 2011). 
 As reducing conditions create the potential for uranium removal by reduction or 
precipitation of uranium phosphate minerals in addition to adsorption, determining the 
speciation of uranium in the solid phase is complex especially in the case of whole 
sediment incubations.  The efficacy of any remediation treatment depends on the ability 
to confirm that aqueous uranium is trasnformed to an identifiable and stable solid phase.  
Past bioremediation studies have used a combination of x-ray adsorption spectroscopy 
(XAS), x-ray diffraction (XRD), and other fluorescence techniques as well as wet 
chemical techniques, such as sequential extraction methods, to analyze the speciation of 
uranium in the solid phase (Gavrilescu et al. 2009).  Attempts have been made to apply 
sequential extraction techniques to radionuclide fractionation (Schultz et al. 1998; Blanco 
et al. 2004; Smith et al. 2009).  These methods are logistically simpler than XAS, as they 
do not require a synchrotron and provide useful supplemental information on solid phase 
uranium. 
  The unique geochemical conditions of a site must be considered when 
developing a remediation strategy.  This study focuses on assesssing the potential for 
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non-reductive biomineralization of uranium as a possible remediation strategy for the 
Oak Ridge Field Research Center (ORFRC) in Oak Ridge, Tennessee.  To investigate 
this process under anaerobic conditions, soil samples from a uranium contaminated site at 
the Oak Ridge Field Research Center were incubated anaerobically in flow through 
reactors in the presence of organophosphate compounds to stimulate the natural microbial 
communities in the original soil matrix.  Aqueous uranium was injected continuously in 
the reactors to determine the fraction of uranium removed during these incubations.  A 
sequential extraction technique was optimized to differentiate the fraction of uranium that 
was adsorbed vs. the fraction precipitated as uranium phosphate minerals.  
Simultaneously, adsorption experiments were performed to obtain thermodynamic 
parameters that could be used to predict the fraction of U(VI) adsorbed onto the soil 
matrix.  Ultimately, this study hypothesizes that non reductive biomineralization of 
uranium phosphate minerals is a viable remediation strategy in anaerobic environments at 
the ORFRC by assesssing the main anaerobic microbial respiration process taking place 
in these sediments, determining whether phosphate metabolism is significant in reducing 






2.1 Modification of Tessier’s Sequential Extraction Method 
 
 Tessier’s method for the sequential extraction of metals from sediments is often 
used to determine the speciation of trace metals in the solid phase (Tessier et al. 1979).  
The original method applies 5 different leaching solutions to a 1 g soil sample 
sequentially as follows:  8 mL 1 M MgCl2 pH 7 for 1 hour to extract the loosely 
exchangeable phase, 8 mL 1 M NaOAc adjusted to pH 5 with HOAc for 6 hours to obtain 
the fraction bound to carbonates, 20 mL 0.04 M NH2OH-HCl in 25 % v/v HOAc at 95C 
for 6 hours to extract the phase bound to Fe/Mn oxides.  The fourth step targets the 
fraction bound to organic matter by adding 3 ml 0.02 M HNO3 and 5 ml 30% H2O2 (pH 
2) and equilibrating for 3 hours at 85C.  An additional 3 mL of 20% H2O2 (pH 2) is 
added and allowed to equilibrate 3 more hours at 85C.  The sample is then cooled and 5 
mL 3.2 M NH4OAc in 20% HNO3 is added and diluted to 20 mL.  Finally, the remaining 
material is digested in 10 mL concentrated HNO3 at 90C (Schultz et al. 1998).   
 One of the goals of this study was to determine if Tessier’s method could be 
adapted to distinguish between the fraction of adsorbed uranium and uranium phosphate 
mineral in a sediment sample. This extraction method was performed on uranium 
adsorbed to a synthesized iron oxide mineral (lepidocrocite) and uranyl phosphate 
precipitates containing known amounts of uranium, in order to assesss the ability of the 
operationally defined steps to distinguish between total adsorbed uranium and a uranyl 
phosphate precipitate.  Adjustments were made to the first step of Tessier’s method to 
determine a leachate that would target the loosely adsorbed uranium but not dissolve the 
uranium phosphate mineral. 
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2.1.1 Batch Experiments 
 Triplicate sets of solid phase media were made that included uranium adsorbed to 
lepidocrocite, uranyl phosphate precipitates, and a combination of uranium adsorbed to 
lepidocrocite and uranyl phosphate precipitates.  All reagents used were trace metal grade 
unless otherwise indicated.  Lepidocrocite was synthesized according to the method of 
Schwertman and Cornell (2000).  The uranium adsorbed to lepidocrocite was prepared by 
adding an aliquot of 200 M uranyl acetate to 1 g/L lepidocrocite in simulated 
groundwater solution (Table 1) buffered at pH 5.5 with 10 mM MES (2-
morpholinoethanesulfonic acid).  The uranyl phosphate precipitate was prepared 
chemically by combining 0.5 mM uranyl acetate and 0.5 mM phosphate (Na2HPO4) in 
simulated groundwater buffered at pH 5.5 with MES with an equilibration time of 48 
hours.  After equilibration, each uranyl phosphate mixture was centrifuged, and the 
precipitate rinsed in MilliQ water to remove excess phosphate. Finally an aliquot of 200 
M uranyl acetate (final concentration) was added to 10 mg/L uranyl phosphate 
precipitate and 1 g/l of lepidocrocite in simulated groundwater solution.  All slurries were 
buffered at pH 5.5 with MES and allowed to equilibrate for 48 hours. The supernatants 
and rinse waters (from the uranyl phosphate mineral) were filtered (0.25 m, 
nitrocellulose membrane, Millipore)) and analyzed for uranium by ICP-MS for mass 
balance calculations.  Identical sets of these solid media samples were prepared at pH 7 
by adjusting the pH with NaOH. 
 The first two steps of Tessier’s original sequential extraction scheme were applied 
initially to samples prepared at pH 5.5, then to the samples prepared at pH 7, to provide a 
basic understanding of the pH control on the solid phase speciation of uranium.  
Percentage of uranium recovered was determined by the total amount recovered during a 
particular step divided by the amount of uranium used in preparing the sample.  An HCL 
digestion was used as the final step to ensure complete recovery of uranium. Further 
experiments were performed with the samples prepared at pH 5.5 to enhance the recovery 
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of adsorbed uranium.  The first extraction step of Tessier’s method was altered by 
lowering the pH of the 1 M MgCl2 solution from 7 to 4.5 and adding 10 mM of either 
nitrilotriacetic acid (NTA) or sodium citrate to prevent uranium to readsorb to the solid 
phase. 
 
2.2 Flow Through Reactors 
 
2.2.1 Experimental Design 
 Flow through reactors (FTRs) were used to simulate changing groundwater 
conditions in 12 cm cores of soil collected from Area 3 at the Oak Ridge Field Research 
Center (ORFRC) in Oak Ridge, TN (Core # FWB120-06-48).  The four reactors used in 
this experiment were 12 cm in length with a diameter of 3.8 cm (Figure 2). Simulated 
groundwater solution (Table 1) was pumped into the base of the FTR at a rate of 1 
mL/hour using a high precision peristaltic pump (IsmaTec) and Tygon tubing.  The 
base of each FTR contained a 0.45 µm filter (nitrocellulose membrane, Millipore) 
followed by a mesh screen to evenly distribute the influent and avoid channelization in 
the sediment core.  The solution passed through a second 0.45 µm filter and mesh screen 
before exiting the FTR (Figure 2). The effluent was transported through a PEEK flow 
cell (Luther et al., 2008), which contains a port that could be fitted with a mercury/gold 
microelectrode and a counter and reference electrode for in-line voltammetric 




, and H2S.  After exiting the PEEK flow cells, the 
effluent was collected in 15 mL polypropylene centrifuge tubes (Falcon).  Samples 
were collected with a frequency of 12 hours and alternately frozen or acidified with trace 
metal grade HNO3 (Fisher) to preserve for later analysis. For the anoxic phase of this 
experiment, the reactors were placed in an anaerobic chamber containing an ultra-high 
purity (UHP) atmosphere comprised of 85% N2 , 10% CO2, and 5% H2.  All input 
solutions were degassed with UHP N2. At the end of the incubation, the cores from each 
 14 
reactor were sectioned into 0.5 cm sections for the first 2 cm, and 1 cm sections for the 
remaining 10 cm (14 sections per core).  Each section was sub- divided into 3 fractions 
for triplicate analyses and extracted using the modified sequential extraction procedure of 
Tessier to determine the speciation of uranium and phosphate in the solid phase.  The 
extraction procedure was also applied to the original soil (in triplicate) to determine the 
original speciation of uranium in these soils.  The extracted solutions were filtered (0.22 
m, nitrocellulose membrane, Millipore) and measured for uranium by ICP-MS.   
 To supplement the FTR study, batch adsorption experiments were conducted on 
unaltered Area 3 soils to elucidate any purely chemical processes effecting the removal of 
uranium within the reactors.  Approximately 0.1 g of soil from Oak Ridge soil FWB120-
06-48 was added to 30 mL simulated groundwater solution (Table 1) containing 40 µM 
uranyl acetate in 50 mL centrifuge tubes.  The pH was adjusted with either 1 M HCl or 1 
M NaOH to achieve a range of values from 1 to 10.  Each sample was equilibrated for 48 
hours on a rotary wheel, then centrifuged and filtered (0.2 m, Millipore).  The 






Figure 2.  Schematic of the Flow Through Reactor set-up.  Four reactors were used 
during this experiment.  Blue arrows indicate simulated groundwater flow path.  Reactors 





Table 1.  Composition of the simulated groundwater used in this study that reflects the 
geochemical conditions of Area 3 at the Oak Ridge Field Research Center, Oak Ridge 
















Ca(NO3)2 202 M 
Fe(SO4) 2.02 µM 
MnCl2 5.06 M 
KCl 402 M 
Na2MoO4 8.03 M 
MgSO4 808 M 
NaNO3 7.52 mM 
KNO3 7.5 mM 
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2.1.2 Timeline of changes to groundwater conditions 
 The soils were first flushed with simulated groundwater (Table 1) buffered at pH 
5.5 with MES in an aerobic environment for 70 days to raise the pH of the soil from 4.5 
to 5.5 and monitor any natural respiration processes that could be occurring.  The reactors 
were then placed in an anaerobic chamber under an 85% N2, 10% CO2, and 10% H2 
atmosphere.  The input solution was degassed with UHP N2, and oxygen levels 
monitored by voltammetry using PEEK

 flow cells.  After 10 days all reactors were 
amended with an organophosphate source, glycerol-2 phosphate (G2P) (Sigma Aldrich), 
to stimulate the phosphatase activity of natural microbial communities. Three of the 
reactors denoted “Long Term G2P Amended Reactors” were amended with 20 mM G2P 
for 108 days, while the last one was only exposed to G2P for 10 days. In the next step, a 
solution of 200 µM uranyl acetate (Sigma) was continuously added to the reactors for 
110 days to evaluate the effect of uranium on the stimulation of phosphatase activity by 
natural microbial communities.  G2P was removed 12 days before uranium in the long 
term G2P reactors.  The reactors were allowed to run 66 more days under anaerobic 
conditions before being transferred to aerobic conditions for an additional 30 days to 
reoxidize any uranium eventually precipitated by reduction.  A summary of changes 
made to the input solution and redox state of the experiment over the duration of the FTR 












Figure 3.  Timeline of the Flow Through Reactor study showing the oxidation state and 
different amendments made to the reactors.  The long-term G2P amended reactors were 





















Anaerobic 200 M U(VI) 
added to influent 
200 M U(VI) 
added to influent 
20 mM G2P added 
to influent 
71 81 101 188 200 266 
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 Total free phosphate (PO4
3-
) was measured on a Milton Roy Spectronic, Model 
501 spectrophotometer using the molybdate blue method (Murphy and Riley, 1962). 
Each sample was diluted 1000 x with MilliQ water to be within the range of the standards 
(0-25 M Na2HPO4).  Standards were prepared in the same matrix as the samples.  The 
reagents used were freshly made of 0.3 M ascorbic acid, 4.2 mM potassium antimony, 
2.8 M H2SO4 and  23 mM NH4-Mo, all from trace metal grade salts.  Color was allowed 
to develop for 15 minutes after adding the reagent mixture to the standards and samples.  
The samples were analyzed at 885 nm using a 1 cm cell.  Molar extinction coefficients 








 Nitrite was measured according to the azo dye method on a Milton Roy 
Spectronic, Model 501 (Grasshoff, 1983).  Standards (0-10 µM) were made from 
anhydrous reagent grade NaNO2 in simulated groundwater diluted 100x with MilliQ 
water.  The reagents consisted of separate solutions of 58 mM sulfanilamide 
(C6H8N2O2S) in 10% HCl and 3.86 mM N-(1-Napthyl)ethylenediamine dihydrochloride 
(NED) in MilliQ water.  An aliquot of 20 µL of the sulfanilamide was added to 1 mL of 
standard or sample and allowed to equilibrate for 1 minute, followed by the addition of 
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20 µL of NED.   Color was allowed to develop for 15 minutes before absorbance was 







2.3.2 Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) 
 An Agilent 7500a Series system was used to measure total dissolved uranium 
concentrations.  Samples and standards were prepared in 2% trace metal grade nitric acid 
(Fisher) matrix containing 500 ng/L holmium (SPEX CertiPrep) as internal standard to 
correct for the instrumental  drift (Figure 4).  Standard concentrations ranged from 0 to 
16.8 nM and calibration curves were measured every 50 samples.  River Water Certified 
Reference Material for Trace Metals (SLRS-5, National Research Council Canada, 
Ottawa, Canada) was used as a quality control sample to assess instrument and standard 
concentration accuracy.  SLRS-5 and blank samples were measured every 10 samples 
(Figure 4).  Typical minimum detection limit for uranium was 0.03 nM.  Measured 
SLRS-5 values were within 10% of the certified value of 0.42 nM.  
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 SLRS-5 100 ng/L  QC 500 ng/L 
 
Figure 4. ICP-MS detector counts of internal standard and quality control samples 
(SLRS-5 and calibration blank) over the duration of a typical analysis for total dissolved 
uranium. SLRS-5 Certified material and quality control standards confirm that the 
analysis is accurate when the internal standard correction for instrument drift is applied to 
each sample.
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2.3.3 Ion Chromatography 
 






), and G2P were 
conducted by Ion Chromatography using a Dionex GP50 gradient pump equipped with a 
Dionex 300 series conductivity detector and a computer-controlled Analytical Instrument 
Systems, Inc. (AIS, Inc.) LCC-100 integrator.  A Dionex IonPac AS14A anion exchange 
column with guard column was used to separate the anions  using a 1 mM NaHCO3 and 8 
mM Na2CO3 buffer containing 10% acetonitrile at a flow rate of 1 mL/min. After 
separation, the sample were passed through a Dionex AMMS 300 suppressor fed with a 
regenerant solution (25.8 mM H2SO4) to neutralize the conductivity of the eluent.  A 
typical chromatogram of all the species analyzed in this study shows good separation of 
the different anions, though G2P and phosphate peaks had to be deconvoluted using 
Peakfit (Jandel, Inc.) (Figure 5).  Standards were prepared in the range of 0-2 mM, and 
samples were diluted 10 x in MilliQ water. 





















































2.3.4 Voltammetry  
  





, and H2S (Brendel and Luther, 1995).  The electrode consisted of a 
100 µm gold wire within ⅛ in. PEEK tubing, connected by copper wire and BNC 
connector to a computer-controlled AIS, Inc. DLK-60 potentiostat.  The tip of the gold 
wire was polished with 15, 6, 1, and ¼ µm diamond paste and plated with Hg in HgNO3 
for 4 minutes at -0.1 V.  The electrode was then conditioned at -9 V for ninety seconds to 
ensure a good connection between the mercury film and gold wire.  Electrode quality was 
assesssed by performing oxygen measurements using linear sweep voltammetry, and 
Mn
2+
 calibrations were obtained using cathodic square wave voltammetry in degassed 
simulated groundwater. The other species (i.e. Fe
2+
 and H2S.) were calibrated with the 
pilot ion method using Mn
2+
 as the pilot ion (Brendel and Luther, 1995). 
 Measurements were performed by applying a range of potentials between the 
Au/Hg (working) electrode and a Ag/AgCl reference electrode, with a platinum wire used 
as a counter electrode.  Prior to measurement, a conditioning potential of -0.1 V for 10 s 
was applied to the working electrode to clean the surface of the mercury. Linear sweep 
voltammetry (LSV) was used for the measurement of O2, starting from a potential of -0.1 
V to an ending potential of -1.75 V at a scan rate of 200 mVs
-1
.  Figure 6a shows an 
example of three O2 measurements.  The second O2 peak is obscured by the presence of 
an electrochemical signal attributed to the presence of MES, which also increased the 
detection limit of Mn
2+
 from 15µM to 250 µM, without affecting the detection of Fe
2+
 at -
1.4 V (Figure 6b). 
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 Solution with 10 mM MES




























 FTR 1 01/06/11
 FTR 3 01/07/11
 FTR 4 01/07/11
 FTR 2 01/09/11
 FTR 1 01/11/11
 FTR 1 03/30/11
MES 10 mM
 
Figure 6.  Typical examples of voltammograms obtained in-line in a flow through reactor 
to determine the concentration of (a) dissolved O2 by linear sweep voltammetry and (b) 
dissolved Fe
2+
 (MDL 10 µM), Mn
2+
 (MDL 250 µM), and H2S (MDL 0.2mM) by square 
wave voltammetry. The later species were never detected during these flow through 
incubations, even though the MES creates a peak at ca. -1.6 V that interferes with the 
Mn
2+




2.4 Thermodynamic Calculations 
 
The equilibrium modeling program MINEQL (Schecher et al. 2001) implemented 
with the two layer hydrous ferric oxide model of Dzombak and Morel (1990) was used to 
predict the adsorption of uranyl species on ORFRC soils assuming iron oxides as the 
main adsorbent.  The model requires the user to input concentrations of species in 
solution and that of the hydrous ferric oxide.  The adsorption model assumes that the iron 
oxide surface carries a set number of binding sites (determined by the concentration of 
total Fe
3+
), including 0.5% as strong binding and 20% as weak binding sites calculated 
by: 
(1) Fe(st)OH = 0.005 mol/mol Fe x Total Fe (mol/L) 
(2) Fe(wk)OH = 0.2 mol/mol Fe x Total Fe (mol/L) 
The concentration of iron (25.8 g/kg) measured in soils from Area 3 of the OFRC 
(Barnett et al. 2002) along with the composition of the simulated groundwater (Table 1) 
were used in the model. The thermodynamic database was updated to include the most 
recent surface complexation constants for uranyl adsorption to both weak and strong sites 
(Waite et al. 1994).  The system was maintained closed to the atmosphere and solids were 
not allowed to precipitate. The model was run as a pH titration, and the ionic strength was 
calculated at each iteration by the program. 
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2.5 One-dimensional Transient Reactive Transport Model 
 
 A one-dimensional advection-dispersion model (Eq.1) was used to determine the 
dispersion coefficient (D), the advection rate (v), and the retardation factor (R) within the 
columns (Roychoudhury et al. 1998), using bromide breakthrough curves obtained in this 
study.   
                    (Eq. 1)
 The analytical solution to the governing equation (Van Genuchten 1981)  was 
used with an optimization procedure to calculate the three parameters.  The optimization 
procedure, written in Matlab™, minimizes the difference between the data and the 
analytical solution of the differential equation to determine the three unknown 
parameters.  The boundary conditions consistent with a flow-through column with 
continuous input of chemical species included:       
         (Eq. 2)  
where x is the spatial variable in the column, t is time, L is the total length of the column, 
and C0 is the input concentration of bromide.  
 The net production (positive) or consumption (negative) rates of phosphate, 
U(VI), G2P, nitrate, and nitrite were calculated by adding a reaction rate term to the 
right-hand side of Eq. 1. This net reaction rate represents the balance between the 
consumption and production rates of each species. These calculations were performed 

























the species of interest were constantly injected into the columns and chemical changes 
were observed in the effluents of the columns:  
        (Eq. 3) 
 
where t0 ≥ 0 is the initial time selected to determine rates during a particular time period, 
Cr is the concentration of the species of interest across the column assuming that the 
concentration of the effluent is representative of the concentration in the columns, and all 
other parameters are the same as previously.  The transport parameters calculated from 
the bromide breakthrough curves for three separate injections at days 1, 101, and 164 
provided three different sets of transport parameters were used with the analytical 
solution to the governing equation (Van Genuchten 1981) to determine net reaction rates 
in each column by fitting the experimental data in Matlab™ using the least-squares 




























 The fate of aqueous uranium over the course of a 280 day flow through reactor 
incubation is analyzed in this study.  Concentrations of conservative tracers, terminal 
electron acceptors, uranium, and products of microbial metabolism were monitored in the 
effluent for the duration of the experiment.  To better understand uranium speciation in 
the solid phase, Tessier’s sequential extraction technique was modified for uranium 
extraction.  The incubated soils were extracted using the modified Tessier method upon 
completion of the incubation.    
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3.1 Results from the Modification of a Sequential Extraction Scheme 
Modifications to the first step of Tessier’s sequential extraction method targeting 
the loosely adsorbed phase involved lowering the pH of the leachate from 7 to 4.5 and 
adding either 10 mM sodium citrate or NTA to the 1 M MgCl2 (Figure 7).  Lowering the 
pH of the 1 M MgCl2 from pH 7 to 4.5 did not changes the amount of adsorbed uranium 
recovered.  Washing the adsorbed uranium sample (Figure 7a) with the original 1 M 
MgCl2 solution at pH 4.5 and the same solution amended with 10 mM sodium citrate 
yielded around 30% of the total uranium in the sample.  In contrast, the addition of 10 
mM NTA to the 1 M MgCl2 increased the amount of total uranium recovered to around 
65 ± 10%.  The majority of the remaining uranium (15 ± 5 %) was recovered by the 
slightly stronger NaOAc extractant. 
The same extraction schemes were performed on a laboratory-synthesized uranyl 
phosphate precipitate (Figure 7b).  The uranyl phosphate precipitate was not dissolved by 
any of the 1 M MgCl2 solutions, and the majority of the uranium (80-90%) was extracted 
from the mineral by washing with 1 M NaOAc at pH 5.  Less than 10% of the total 
uranium was recovered in the following 1 M HCL extraction step, indicating that little 
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Figure 7 (A) Uranium adsorbed to lepidocrocite and (B) lab-synthesized uranyl 
phosphate precipitate extracted by the traditional Tessier method compared to a 
modification of the first step.  Only the first step of the Tessier method was modified by 
adding either 10 mM NTA or Na-citrate.  The pH of the first step was lowered from 7 to 






















 Calculated mineral composition
 No ligand
 10 mM Citrate
 10 mM NTA
1 M MgCl
2
 pH 4.5 1 M NaOAc pH 5 1 M HCl
  
Figure 8.  Solid phase mixture of uranium adsorbed to lepidocrocite and lab-synthesized 
uranyl phosphate precipitate extracted by the original Tessier method compared to a 
modification of the first step.  The first bar represents the true percentage of uranium of 
the mineral/adsorbed iron oxide mixture.  Standard deviation represents variation on 
duplicate samples. 
 30 
 Finally, a mixture of uranium adsorbed to lepidocrocite and uranyl phosphate 
precipitate underwent the same extraction schemes (Figure 8).  The first bar in the figure 
of each extraction step represents the calculated percentages of adsorbed uranium (i.e. 
uranium that should be recovered in the first step) and uranium present as uranyl 
phosphate precipitate (uranium that should be recovered in the second step).  When the 
original extraction method was used, almost no loosely adsorbed uranium was released 
by MgCl2, and the majority of the uranium (> 90%) was extracted from the mixture by 
the NaOAc step.  The addition of 10 mM sodium citrate or NTA increased the extraction 
of adsorbed uranium to 10% and 15% respectively in closer agreement with the 
calculated percentage of the mineral mixture (ca. 25%).  None of the extraction schemes 
perfectly recovered the original mixture of adsorbed U(VI) and precipitated U(VI) 
phosphate; however, adding NTA to the first extractant solution increased the fraction of 












3.2 Composition of the Effluent from Flow Through Reactor Incubations 
 
3.2.1 Bromide as a Conservative Tracer 
 Bromide (10 mM) was injected into the flow through reactors intermittently 
during the incubation to determine the groundwater residence time and calculate the 
advection and dispersion coefficients used in the reactive transport model (Figure 9).  
Initial residence times varied from ca. 5 days in the short-term G2P amended reactor to 
ca. 15 days in the long-term G2P amended reactors (Figure 9).  The second bromide 
injection began on day 101 and lasted 16 days.  The residence times of all FTRs 
increased to 14 days for the short-term G2P amended reactor and some time greater than 
16 days for the long-term G2P amended reactors (the tracer was not added over a long 
enough time period).  Interestingly, the final bromide injection on day 164 revealed 
shorter residence times for all reactors (8 days) than the injection on day 101, with the 

































Figure 9.  Effluent concentrations of bromide measured (symbols) and calculated from 
the transient 1D transport model (line) in the four FTRs over time during the incubation: 
a) short-term G2P amended reactor (triangles); and b) through d) the three long-term G2P 
amended reactors (circles).  Bromide was added at days 0, 101, and 164 (101 and 164 
indicated by vertical dashed lines).   Error bars represent analytical error on the 
measurement in each reactor.
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3.2.2 G2P Effect on Respiration Processes and Phosphate Production 
 





, and H2S were monitored over the duration of the 
incubations (Figure 10).  Oxygen concentrations were maintained at saturation during the 
first 70 days of the incubation until the time it was removed from the feeding solution.  
Some nitrate consumption occurred during the initial aerobic phase of the experiment 
(days 0-70), as indicated by a decrease of approximately 5 mM nitrate in the effluent 
(Figure 10b).  Nitrate consumption increased upon removal of oxygen from the feeding 
solution and, especially, upon introduction of G2P. In fact, the continuous input of 15 
mM nitrate in the reactors was completely consumed for the duration of the G2P 
amendment in both the short (10 days) and long-term (108 days) G2P-amended reactors. 
Simultaneously, a short period of nitrite production (< 1.75 mM) was stimulated in all the 
reactors (Figure 10b).  When G2P was removed from the short-term reactor after 10 days, 
nitrate levels returned to the levels of the input solution (15 mM).  The reactors amended 
with G2P for 108 days behaved similarly upon removal of G2P (Figure 10b). Sulfate 
concentrations varied slightly from the influent solution concentration but ∑H2S was 




 were never 
detected in the effluent over the duration of the experiment (data not shown), suggesting 







Figure 10.  Average concentrations of oxygen, nitrate, nitrite, and sulfate in the three 
long term (black symbols) and the one short-term (open symbols) G2P amended 
reactors.  Nitrite concentrations are represented by triangles.  Error bars on solid 
symbols refer to the standard deviation of triplicate reactors.  Error bars on open 
symbols refer to analytical error. 
 
In addition to an increase in nitrate consumption, the addition of G2P to the 
influent coincided with the production of orthophosphates within the reactors.  
Phosphate concentrations reached as high as 10 mM in some reactors (Figure 11), 
suggesting that G2P was completely consumed during the incubations.  Not 
surprisingly, production of phosphate ceased upon removal of G2P, and the 
concentration of phosphate decreased to below detection limit within 53 days after 
removal of G2P in the short-term amended reactor and 30 days for the long-term 





















































3.2.3 Uranium Uptake by Flow Through Reactors 
 
Uranium was not released significantly (< 20 M) from the Area 3 soils during 
the first 70 days of the incubations in aerobic conditions, the following 20 days in 
anaerobic conditions, or the few days during which G2P was injected in the reactors 
(Figure 11). These findings indicate that authigenic uranium is either incorporated in the 
soil matrix or eventually transformed from one solid phase to another during the 
incubations.  A concentration of 200 M uranium was fed for 110 days to the short term 
G2P-amended reactor after G2P was removed from the input solution.  In contrast, the 
long term G2P-amended reactors were fed G2P and uranium simultaneously for 100 
days.  During this time, uranium effluent concentrations between short and long term 
G2P reactors differed slightly.  First, the concentration of aqueous uranium in the effluent 
of the short term G2P-amended reactor remained less than 20 µM during the entire 
experiment even though 200 M U(VI) was injected in the reactors for 100 days (Figure 
11). Interestingly, while the concentration of dissolved uranium remained low in the long 
term G2P-amended reactors, it increased from 10 to 40 M after 40 days of constant G2P 
input but then decreased to less than 10 M upon G2P removal. G2P addition in both 
short (10 day G2P amendment) and long-term (100 day G2P amendment) reactors 
coincided with an increase in effluent pH from 5.5 to 7 and 7.8, respectively (Figure 11).  
pH levels returned to 5.5 after G2P was removed from the input solution. These results 
suggest that the speciation of uranium may have been affected by the pH changes. 
Finally, re-introduction of oxygen in the reactors did not affect dissolved uranium 
concentrations in the effluent (Figure 11). These findings suggest either that uranium was 
 36 


















































Figure 11.  pH and concentration of G2P, total soluble phosphate, and uranium measured  
in the effluent of the 3 long-term G2P amended FTRs (closed symbols) and 1 short-term 
G2P amended FTR (open symbols). Blue symbols correspond to G2P measurements.  
Error bars on solid symbols refer to the standard deviation of triplicate reactors.  Error 










3.2.4 Batch Adsorption Experiments 
Preliminary batch adsorption experiments were conducted on unmodified 
contaminated soil from Area 3 at Oak Ridge Field Research Center (ORFRC) to 
determine the competitive role of U(VI) adsorption in the biomineralization of U(VI) 
phosphate minerals. The results show that total dissolved uranium at equilibrium with 
Area 3 soils decreased from ca. 40 M at pH 4.5 to below detection limit at pH 7 (Figure 
12).  Dissolved uranium remained below detection limit from pH 7 to pH 10.5, indicating 
that adsorption completely removes at least 40 M uranium from solution in this pH 
region.  Dissolved uranium levels increased with pH above pH 10.5, indicating that 
uranyl adsorption is not favored above that pH. 
Dissolved U(VI) concentrations predicted by the equilibrium model assuming 
iron oxides as the main adsorbent fit the data well over the pH range studied, suggesting 






























Figure 12.  Uranium adsorption curve from batch experiments and a thermodynamic 
model that describes the adsorption process assuming iron oxides as the main adsorbent. 











3.2.5 Sequential Extraction Scheme Applied to Flow Through Reactor Soils 
 
Upon completion of the flow through reactor incubations, soils from each of the 
reactors were sectioned from the inlet into 0.5 cm slices for the first 2 cm, then 1 cm 
slices for the remaining 10 cm and sequentially extracted according to the modified 
Tessier scheme.  Solid phase uranium was recovered predominantly in the first 2-3 cm of 
the FTRs (Figure 13).  Uranium was not present in significant quantities in the loosely 
adsorbed fraction recovered by 1 M MgCl2, 10 mM NTA, pH 4.5).  In all four reactors, 
the highest quantity of solid phase uranium was recovered by the extractant targeting the 
uranyl phosphate/carbonate precipitates (1 M NaOAc).  The short-term G2P amended 
reactor contained 4-6 µmole U/g bound as uranyl phosphate/carbonate precipitates in the 
first 2 cm, while the long-term G2P amended reactors (FTRs 1, 3, and 4) showed 
recoveries of approximately 1-4 µmoleU/g.  In these reactors (FTRs 1,3,4), the remaining 
fractions (bound to Fe/Mn oxides, bound to organic matter, and residual) were less than 1 
µmoleU/g.  In turn,  1-5 moleU/g associated with the fraction bound to Fe/Mn oxides 
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Figure 13.  Total uranium recovered from Tessier’s sequential extraction scheme 
performed on soils from the short (top) and long term G2P amended reactors after 
incubation with G2P and 200 µM uranyl acetate.  Error bars represent the results of 





Uranium contaminations from nuclear materials processed at multiple sites across 
the country has lead to the development of new remediation strategies that could be 
implemented in situ at Department of Energy sites such as Oak Ridge, TN, Hanford, WA, 
and Rifle CO to minimize costs associated with current remediation strategies.  The 
biomineralization of uranium phosphate minerals is a novel in situ remediation strategy 
that encourages the activity of the local microbial community to immobilize aqueous 
uranium over great distances in contaminated subsurfaces.   
The biomineralization of uranium phosphate may occur both aerobically and 
anaerobically in pure cultures of bacteria previously isolated from a uranium-
contaminated environment at Oak Ridge Field Research Center (Beazley et al. 2007; 
2009).  Simultaneously, the phosphatase activity of subsurface microbial communities 
may be stimulated in aerobic conditions by addition of a labile organophosphate 
compound in soils from the same site (Beazley et al. 2011). While this remediation 
technique has successfully removed uranium in heterogeneous soil columns under 
aerobic conditions, further studies were needed to access its viability under anaerobic 
conditions.  In this study, the feasibility of using in situ biomineralization as a 
remediation strategy was tested under anaerobic conditions using low pH soils from a 
uranium-contaminated site at Oak Ridge Field Research Center.  Flow-through reactors 
(FTRs) were used to determine if natural microbial phosphatase activity in soils from the 
ORFRC could efficiently remove aqueous uranium in anaerobic conditions and 
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outcompete uranium reduction and adsorption onto the solid phase.  The information 
gained from this small-scale study may provide insights on the application of the 
biomineralization of uranium phosphate minerals as a bioremediation strategy for an 
actual site.   
 FTRs have been used extensively to investigate and model a variety of 
biogeochemical reactions (Roychoudhury et al. 1998; Carey et al. 2005; Pallud et al. 
2007; Beazley et al. 2011). They are useful for this type of study as they provide a way to 
investigate the response of an entire microbial community to changing groundwater 
conditions.  Additionally, FTRs may help to study competitive reactions in soils and 
sediments and prevent the accumulation of reaction products in batch reactors that could 
influence biogeochemical reactions.  
 A groundwater solution mimicking current conditions at ORFRC was pumped 
vertically through reactors containing soils from ORFRC.  After a 2 month equilibration 
period under aerobic conditions, Glycerol-2 phosphate (G2P) was added to the influent 
under anaerobic conditions to assesss the ability of indigenous microbes to hydrolyze an 
organophosphate source and possibly stimulate anaerobic respiration.  Additionally, 
aqueous uranium was pumped through the reactors to investigate the fate of uranium in 
the soils.  Specific uranium removal processes were analyzed by a combination of batch 
adsorption studies on the original soil, equilibrium adsorption models, a kinetic analysis 
of the data obtained with the FTRs, and a modified sequential extraction scheme applied 
to the solid phase at the end of the incubations.  Finally, the stability of the immobilized 
uranium was tested by returning the columns to aerobic conditions.   
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4.1 Modified Sequential Extraction Scheme 
 In preparation for the solid phase extraction used to determine the speciation of 
uranium in contaminated soils, Tessier’s sequential extraction method for the speciation 
of trace metals (Tessier et al. 1979) was applied to simple solid phase mixtures to better 
understand how the operationally-defined procedure is able to distinguish U(VI) adsorbed 
to the soils and uranyl phosphate precipitates.  Although Tessier’s method is widely used 
to extract trace metals in soils and sediments, common issues such as readsorption and 
redistribution of the extracted trace metals onto the remaining solid phase has been 
shown to occur, which can lead to errors in determining solid phase speciation (Shan et 
al. 1993).  Previous studies performed on radionuclide fractionation in soils revealed that 
the speciation of radionuclides varied depending on the extraction method performed and 
the species studied (Shan et al. 1993; Schultz et al. 1998; Blanco et al. 2004).  More 
recent extraction experiments performed on ORFRC soils showed that Tessier’s original 
method does not completely recover adsorbed U(VI) (Beazley et al. 2011).  It was 
therefore hypothesized that the pH of the first extraction step, which should release 
loosely-adsorbed U(VI) using an ion exchange process with 1 M MgCl2 at pH 7, could 
contribute to the incomplete recovery of uranium either by re-precipitation of a uranium 
phase in solution or resistance to ion exchange by Mg
2+
. Indeed control experiments with 
iron oxides and thermodynamic calculations predict uranium adsorption to be most 
efficient and the mineral metaschoepite ((UO3)•2(H2O)) to precipitate at at circumneutral 
pH.  Previously, this artifact was avoided by lowering the pH of the first extraction step 
from 7 to 5  (Schultz et al. 1998).  In the present study, however, lowering the pH of the 
MgCl2 extraction step to 4.5 in control experiments did not increase the recovery of 
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freshly adsorbed U(VI) significantly, as approximately 35% of the adsorbed U(VI) was 
recovered by the MgCl2 step, while the remainder was recovered by the 1 M NaOAc 
extraction step (Figure 7 a) which is supposed to target mineral carbonate and phosphate 
precipitates (Tessier et al., 1979). 
To further increase recovery of the loosely adsorbed U(VI), it was hypothesized 
that strong organic ligands could be used in rinses between extracting steps; however, no 
significant increase in the extraction of adsorbed uranium was observed in the presence 
of EDTA as strong ligand of U(VI) (Schultz et al. 1998).  Other strong complexing 
agents, such as citric acid and NTA have been shown to alter the sorption and reductive 
precipitation behavior of uranium by keeping it in solution (Haas et al. 2004; Suzuki et al. 
2010).  As extractions conducted at pH 4.5 did not extract uranyl phosphate precipitates 
(Figure 6 b) and as both NTA and citrate form thermodynamically stable aqueous 
complexes with U(VI) at that pH (Stary et al. 1961; Smith et al. 2003) these two 
modifications of the first extraction step of the Tessier method were tested in the present 
study.  Addition of 10 mM NTA increased adsorbed U(VI) recovery to ca. 70% and did 
not significantly target the uranyl phosphate precipitate (Figure 7 a and b), suggesting 
indeed that re-precipitation of metaschoepite in non-complexation media was probably 
responsible for the poor recovery of the loosely-adsorbed uranium at pH 7 and 4.5 
without external ligand addition.  In turn, citrate did not significantly enhance adsorbed 
U(VI) extraction, probably because the complexes formed with U(VI) are not strong 
enough to compete with hydrolysis.  Citrate tends to form dimers with the uranyl ion at 
low pH (Allen et al. 1996) while NTA forms tridentate complexes with uranyl ions 
metals which enhances stabilization (Teleb et al. 2005). To further test the recovery of the 
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modified scheme, a mixture with a known amounts of adsorbed U(VI) and uranyl 
phosphate precipitates were extracted using the modified ion-exchange step.  Although 
adsorbed U(VI) recovery (66%) was lower than predicted in the mixture, the presence of 
NTA recovered a higher amount of the adsorbed U(VI) fraction without dissolving the 
uranyl phosphate precipitate (Figure 8).  This modification was therefore adopted for the 
soil exractions used in the rest of this thesis. 
 
4.2 Transport Parameters Calculated from Inert Tracer 
 Transport parameters were calculated using an inert tracer (Br
-
) to investigate 
whether porosity changes that could occur by the precipitation of uranium phosphate 
minerals affected the transport of solutes in the reactors (Table 2).  The advection and 
dispersion coefficients did not vary significantly over the course of the incubation in the 
long-term G2P amended reactors (Table 2).  This could be due to the error associated 
with varied transport behavior between the 3 separate reactors.  The short-term G2P 
amended reactor, however, displayed a marked decrease in the dispersion and advection 
coefficients from days 1 to 101.  The dispersion decreased by a factor of 10, and the 
advection coefficient decreased by a factor of 4 (Table 2). The change in soil porosity 
could be due to the formation of uranyl phosphate precipitates after the addition of 
uranium on day 101.  The final transport parameters calculated after day 164 show a 






) and a slight increase in the 




), indicating small changes in the porosity 
of the soil associated with the change in redox potential. 
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Table 2.  Average transport parameters calculated by a one-dimensional advection 
dispersion model of the average bromide concentrations in the effluent of the long-term 
and short-term G2P amended reactors.  Standard deviations for the long-term G2P 

















1-100 1 6.3 (±8) x 10
-5
 0.97  (±2.3) x 10
-5
 
 101-163 1 9.1  (±7.5) x 10
-5
 0.43  (±5.5) x 10
-5
 
 164-288 1 9.6  (±3.4) x 10
-5





1-100 1 40   x 10
-5
 4  x 10
-5
 
 101-163 1 7.7   x 10-5 1.1   x 10-5 
 164-288 1 2.5  x 10
-5





4.3 Respiration Processes in Anaerobic ORFRC Soils 
Nitrate was partially consumed during the aerobic phase of the FTR experiment 
suggesting as proposed previously (Beazley et al. 2011) that small anaerobic zones 
coexist with aerobic conditions within the soil column.  The high and sudden 
consumption of nitrate, temporary production of nitrite upon introduction of G2P in the 




, as well as thiosulfate, 
elemental sulfur, or polysulfides at the output of the FTRs indicate that nitrate reduction 
became the dominant respiration pathway once oxygen was removed from the input 
solution.  Indeed, nitrate concentrations in groundwater of Area 3 at the ORFRC are high 
enough to offer an abundant source of the more thermodynamically favorable terminal 
electron acceptor (Brooks et al., 2001). 
Net reaction rates for nitrate removal determined from the one dimensional 
reactive transport model were strongly affected by G2P introduction.  Average nitrate 
consumption rates increased from 0.61 ± 0.45 mM d
-1
 to 1.6 ± 0.74 mm d
-1
 in the three 
long-term G2P-amended reactors upon G2P addition on day 81 (Table 3).  A similar 
increase in the consumption rate (0.49 to 1.6 mM d
-1
) occurred in the short-term G2P-
amended reactor (Table 3).  On day 93, however, when G2P was removed from the input 
solution of the short-term G2P amended reactor, nitrate consumption decreased from 1.6 
to 0.32 mM d
-1
, while the long-term G2P amended reactors reached even higher levels of 
nitrate consumption (1.7 ± 0.74 mM d
-1
) over the next 106 days.  On day 188, G2P was 
removed from the input of the long-term G2P amended reactors, and nitrate consumption 
rates decreased to 0 mM d
-1
. At this point, the short-term G2P amended reactor also 
displayed a negligible nitrate consumption rate (Table 3).  These findings suggest that 
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nitrate reduction is catalyzed by G2P, though it is not clear whether G2P is hydrolyzed 
for phosphorus requirements or used as carbon source.  The widespread nitrate 
contamination at the ORFRC creates favorable conditions for nitrate reduction or 
denitrification, as well as the potential for some of these microorganisms to display 
phosphatase activity.  Microbes capable of denitrification or nitrate reduction have been 
identified in ORFRC soils and groundwater (Waldron et al. 2009; Spain et al. 2011), and 
the bacterium Rahnella Y9602, isolated from ORFRC soils, has been shown to hydrolyze 
organic phosphate using Glycerol-3 phosphate (G3P) as a carbon and phosphorus source 
under anaerobic conditions with nitrate as a terminal electron acceptor (Beazley et al. 
2009).  In a separate aerobic pure culture studies, microbes isolated from ORFRC 
including Aeromonas hydrophila M1, Pantoea agglomerans N51, and Pseudomonas 
rhodesiae O25 all displayed the ability to hydrolyze G3P and precipitate uranium 
phosphate minerals (Shelobolina et al. 2009).  Another flow through reactor incubation 
using Area 3 soils from the ORFRC showed that the natural microbial community was 
able to hydrolyze G2P aerobically, though nitrate reduction was found to occur 
simultaneously in small anaerobic microniches within the reactors (Beazley et al. 2011).  
The soils in this experiment and that of Beazley and colleagues (2011) and the 
pure culture study with Citrobacter (Macaskie et al. 1994) used G2P as a combined 
carbon, phosphorus, and energy source as opposed to G3P. A study using Citrobacter 
showed that phosphatase activity decreased in the presence of glucose or glycerol, and 
that phosphatase activity was higher in “starved cells” upon introduction of G2P (Butler 
et al. 1991).  The results suggest that the ability of microbes to utilize G2P or G3P as a 
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combined carbon and phosphorus source is controlled by the availability of a preferable 
carbon source. 
Phosphate production coincided with nitrate consumption within the reactors 
(Figure 10, 11).  Additionally, when G2P was removed from the short-term amended 
reactor, phosphate production and nitrate consumption rates both decreased substantially 
from 0.37 to 0.0036 mM d
-1
.  The long-term G2P amended reactors continued to display 
higher rates of phosphate production (0.84 ± 0.25 mM d
-1
) for more than 30 days during 
the addition of G2P, but decreased to 0 mM d
-1 
after G2P removal from the feeding 
solution (Table 3).   
A slight increase in phosphate production rates in the long-term G2P amended 
reactors occurred after day 130 (0.84 ± 0.25 mM d
-1
 to 0.89 ± 0.47 mM d
-1
).  The 
increase in phosphate production rate is likely attributed to the increase in pH from 5.5 to 
7 that occurred during this time.  A higher pH would cause the surface charge on the iron 
oxides present in the soil to become more negative, which could lead to the desorption of 
the negatively charged phosphate ion.  The increase in pH could have caused an increase 
in the rate of G2P hydrolysis; however, G2P consumption rates did not change during 
this time.   
 Rates of G2P removal were higher than phosphate production rates in both long 
and short-term G2P amended reactors.  In the short-term G2P amended reactor, G2P 
consumption was 1.7 mM d
-1
 compared to 0.37 mM d
-1
 of phosphate production.  Long-
term G2P amended reactors showed initial rates of G2P consumption of 2.97 ± 1.28 mM 
d
-1
 and 0.25 ± 0.22 mM d
-1
 phosphate production (Table 3).  Upon uranium addition, G2P 
consumption rates decreased to -1.22 ± 0.98 mM d
-1
 and phosphate production increased 
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to 0.84 ± 0.25 mM d
-1
.  In all reactors, G2P was consumed at a higher rate than phosphate 
production according to the concentration of phosphate in the effluent.  The missing 
phosphate could have been adsorbed or precipitated as minerals within the columns.  
Alternatively, the G2P could have been taken up by the columns through adsorption 
without undergoing hydrolysis.   
Phosphate production in anaerobic conditions in the presence of G2P, suggests 
that a significant fraction of the microbial community had the ability to hydrolyze G2P 
using nitrate as a terminal electron acceptor.  This is only the second report (after Beazley 
et al., 2011) that demonstrates the ability of the natural microbial community at the 
ORFRC to hydrolyze large concentrations of organophosphate.        
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Table 3.  Net reaction rates for dissolved species in the flow through reactors (pH 5.5) 
determined by the one-dimensional reactive transport model.  Consumption and 
production rates are indicated by negative and positive values, respectively. 
 































1 - 70 -0.49 0 0 0 0 
71 - 80  0.13 0 0 0 
81 - 100 -1.6 0.33 0.37 -1.7 0 
101 - 187 0 -0.19 0.0036 -0.0015 -10 
188-200 0 0 0 0 -10 
Reactor 1 1 - 70 -0.51 0 0 0 0 
 71 - 80  0.67 0 0 0 
 81 – 90 -0.69 0.098 0.5 -1.4 0 
 90-100  -0.19   0 
 101 – 130 -2.3 0 1 -0.37 -25.2 
 130-187   1.4   
 188-200 0 0 0 0 -5.1 
Reactor 3 1 – 70 -0.22 0 0 0 0 
 71 – 80  0.89 0 0 0 
 81 – 90 -1.8 0.16 0.11 -3.5 0 
 90-100  -0.49   0 
 101 – 130 -2 0 0.98 -2.3 -23.4 
 130-187  0 0.46   
 188-200 0 0 0 0 -20.7 
Reactor 4 1 – 70 -1.1 0 0 0 0 
 71 – 80  0 0 0 0 
 81 – 90 -2.2 0 0.13 -4 0 
 90-100  0   0 
 101 – 130 -0.9 0 0.55 -1 -11.7 
 130-187  0 0.82   






1 – 70 -0.61 ± 0.45 0 0 0 0 
71 – 80  0.52 ± 0.46 0 0 0 
81 – 90 -1.56 ± 0.78 0.09 ± 0.08 0.25 ± 0.22 -2.97 ± 1.28 0 
90-100  -0.23 ±0.25   0 
101 – 130 -1.73 ± 0.74 0 0.84 ± 0.25 -1.22 ± 0.98 -20.1 ± 7.3 
130-187  0 0.89 ± 0.47   
188-200 0 0 0 0 -12.5 ± 7.83 
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4.4 Evidence for Biomineralization of Uranium Phosphate Minerals 
 Chemical processes also contribute to uranium removal from groundwater.  To 
demonstrate that the biomineralization of uranium phosphate minerals is a mechanism of 
uranium removal under anaerobic conditions, adsorption of uranium and possible 
uranium reduction processes must be quantified.  
The results of the adsorption study on the soils used in this experiment indicate 
that uranium adsorption is favorable between pH 4.5 and 10 (Figure 11) as already 
demonstrated with soils from the ORFRC (Barnett et al. 2002).  These findings suggest 
that at the pH of the FTR incubations (pH 5.5), adsorption should be favorable and only 
dependent on the availability of soil surface sites.  Adsorption could have been occurring 
after G2P was removed from both the long and short-term G2P amended reactors.  
Uranium was still removed from the influent at a rate of 12.5 ± 7.83 M d
-1
 for 12 days 
between days 188-200 in the long-term G2P amended reactors and 10 M d
-1
 for 99 days 
between days 101-200 in the short-term G2P-amended reactor (Table 3).  Several lines of 
evidence indicate that U(VI) phosphate precipitation  was the main removal process 
during the incubations in the presence of G2P and U(VI).  First, rates of U(VI) removal 
were much higher in the presence of G2P in the long-term G2P incubations (20.1 ± 7.3 
µM d
-1
) compared to the short-term G2P incubation (10 µM d
-1
).  Additionally, results 
from the solid phase extraction at the end of the incubation indicate that the majority of 
the uranium was in the form of uranyl phosphate precipitates (Figure 13) in both the short 
and long-term G2P amended reactors.  The initial G2P input to the short-term G2P-
amended reactor produced enough phosphate to precipitate some uranium as stable 
uranium phosphate mineral. However, the short-term G2P-amended reactor displayed 
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higher fractions of uranium as adsorbed or incorporated in iron or manganese oxides 
compared to the long-term G2P amended reactors, suggesting that uranium removal in 
this reactor was driven by adsorption processes.   The anaerobic conditions and 
temporary rise in pH to ca. 8 could have made conditions favorable for respiration by 
uranium reduction.  Uranium reduction (either direct or indirectly by ferrous iron) occurs 
at circumneutral pH in the absence of more favorable terminal electron acceptor (Lovley 
et al. 1991; Fredrickson et al. 2000).  In these incubations, however, significant release of 
soluble uranium after re-introduction of oxygen to the system did not occur. Aerobic 
conditions were maintained for 80 days at the end of the incubations, and uranium levels 
remained less than 10 M in the effluent (Figure 11).  Simultaneously, uranium 
speciation in the solid phase revealed uranium associated with phosphate minerals 
represents the major fraction of solid uranium at the end of the experiments (Figure 13).  
Other factors made the environment within the reactors inhospitable for the reduced 
uranium reduction and uraninite formation.  Nitrate is a thermodynamically more 
favorable terminal electron acceptor than iron and uranium (Morel et al. 1993) and was 
constantly resupplied to the reactors.  Additionally, nitrate (as well as nitrite) has been 





4.5 Implications and Further Research 
 The results of this study indicate that the biomineralization of uranium phosphate 
minerals through the activity of acid phosphatases from the natural microbial community 
may occur in anaerobic environments exposed to exogenous addition of G2P.  This 
process was demonstrated to occur both aerobically (Beazley et al., 2011) and 
anaerobically (this study) in similar flow through reactor incubations of ORFRC soils at 
pH 5.5. Uranium was removed from the influent solution under a range of pH conditions, 
though the increase in pH from 5.5 to 8 during G2P amendments caused a slight increase 
in dissolved uranium in the effluent of the long-term G2P amended reactors.  This 
increase could have been caused by the production of bicarbonates due to the stimulation 
of microbial activity that could have solubilized uranium phosphates (Salome et al., 
2012).  Nevertheless, dissolved uranium levels at the output of the reactors remained 
much lower than the 200 M input continuously supplied to the reactors, suggesting that 
the immobilization of uranium was significant in these incubations.  Uraninite produced 
by uranium reduction is an unlikely candidate due to the high instability of the uranium 
mineral under oxic conditions and in the presence of nitrite, a known oxidant of uraninite 
(Senko et al. 2002; Wan et al. 2005).  The bulk chemical extractions of the soils 
performed as a function of distance from the inlet of the reactors indicate that the solid 
phase uranium formed in this study is primarily a uranyl phosphate precipitate.  Further 
studies should be conducted to identify the composition of the uranium phosphate 
mineral, using a combination of synchrotron X-ray Absorption (XAS) and diffraction 
(XRD) spectroscopy, and investigate its long-term stability, especially in the presence of 
carbonate.  The role nitrilotriacetic acid as a complexing agent of uranium (or other 
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organic ligands) should continue to be studied in order to further enhance the recovery of 
adsorbed uranium.  
This and other studies show that biomineralization of uranium phosphate minerals 
can occur in both aerobic and anaerobic environments (Shelobolina et al. 2009; Beazley 
et al. 2011; Sivaswamy et al. 2011).  As phosphatase activity is efficient at acidic pH 
(Rossolini et al. 1998), this strategy could be employed at sites where groundwater pH is 
too low for uranium reduction to be efficient or where alternative terminal electron 
acceptors (i.e. dissolved oxygen, nitrates) are available.  Additionally, organophosphate 
sources disperse over larger distances than inorganic phosphate (Wellman et al. 2006) 
before reacting with the microbial community.  Thus, the benefits of the non-reductive 
precipitation of uranium phosphate minerals make it an appealing remediation strategy 
that could be used in a wide range of environments.  As G2P is an expensive 
organophosphate source, however, large-scale use of this substrate in remediation may be 
cost prohibitive, and the use of naturally-occurring organophosphate compounds should 





The objectives of this study were to (1) determine if the biomineralization of 
uranium phosphate minerals could occur under anaerobic conditions in a heterogeneous 
soil mixture, (2) identify the anaerobic respiration process that promoted the 
biomineralization uranium, (3) modifiy a sequential extraction procedure to distinguish 
between loosely adsorbed uranium and uranium phosphate precipitates, and (4) evaluate 
the solid phase speciation of uranium precipitated in anaerobic conditions during 
exogenous organophosphate amendments in flow-through reactors.  The results of this 
study indicate that G2P is hydrolyzed by nitrate-reducing bacteria in anaerobic soils from 
the OFRC at low to neutral pH through a process that may couple both carbon and 
phosphorus metabolism.  Uranium is removed in the long-term G2P amended reactors as 
well as the short-term G2P reactors, indicating that multiple immobilization processes 
play a role in uranium removal.  A new extraction scheme modified from the method of 
Tessier that was optimized to differentiate adsorbed uranium from uranium phosphate 
precipitates indicated that both short and long-term G2P amended reactors removed 
aqueous uranium through microbially-mediated precipitation of uranium phosphate 
minerals, though the short-term G2P additions also resulted in significant adsorption of 
uranium onto iron or manganese oxides.   
Overall, these incubations reveal that the biomineralization of uranium phosphate 
is a viable remediation strategy under both anaerobic and aerobic conditions in low to 
neutral pH and high nitrate environments. As phosphatase activity is efficient at acidic 
pH, this strategy could be employed at sites where groundwater pH is too low for 
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uranium reduction to be efficient.  As organophosphate may disperse over large 
distances, this remediation strategy could be used in large contaminated areas, though the 
cost of exogenous organophosphate addition may warrant the investigation of naturally-
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, and total uranium over flow through 
reactor incubation from reactor 1.  Vertical dashed lines at days 71, 81, 101, 188, and 200 
correspond to removal of oxygen, introduction of 20 mM G2P, introduction of uranium, 
removal of G2P, and removal of uranium (repectively) to/from the input solution.  Non-





































































































, and total uranium over flow through 
reactor incubation from reactor 1.  Vertical dashed lines at days 71, 81, 93, 101 and 200 
correspond to removal of oxygen, introduction of 20 mM G2P, removal of G2P, 
introduction of uranium, and removal of uranium (repectively) to/from the input solution.  
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, and total uranium over flow through 
reactor incubation from reactor 1.  Vertical dashed lines at days 71, 81, 101, 188, and 200 
correspond to removal of oxygen, introduction of 20 mM G2P, introduction of uranium, 
removal of G2P, and removal of uranium (repectively) to/from the input solution.  Non-


















































































































, and total uranium over flow through 
reactor incubation from reactor 1.  Vertical dashed lines at days 71, 81, 101, 188, and 200 
correspond to removal of oxygen, introduction of 20 mM G2P, introduction of uranium, 
removal of G2P, and removal of uranium (repectively) to/from the input solution.  Non-
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